ABSTRACT An experiment was conducted to evaluate how the addition of microbial phytase influenced growth performance, bone mineralization, tissue P content, apparent digestibility and retention, and inositol phosphate (IP) concentrations in broilers fed diets with varying mineral matrices from 2 to 23 d of age. At 2 d of age, chicks were randomly allotted to receive 1 of 6 experimental diets arranged as a 3 × 2 factorial of mineral matrix [control diet with 1.0% Ca and 0.5% non-phytate phosphorus (NPP); mineral matrix 1 with 0.84% Ca and 0.35% NPP; and mineral matrix 2 with 0.77% Ca and 0.29% NPP] and phytase supplementation (0 or 1,500 FTU/kg). Feed intake was influenced (quadratic, P = 0.012) by the mineral matrix, but no interaction or main effect of phytase were observed. Phytase increased (P = 0.011) BW gain regardless of the mineral matrix applied. Feed efficiency was not influenced (P > 0.05) by mineral matrix, phytase, or their interaction. Phytase increased bone ash content differentially across matrices (interaction, P < 0.01), and tibia P content was lowest in birds fed matrix 2 and highest in the control (linear, P < 0.05). Concentrations of P in muscle, spleen, and liver were not affected by treatment. An interactive effect (P < 0.01) was observed for apparent ileal digestibility (AID) of P, where phytase increased AID in matrix 1. An interactive effect (P < 0.01) was observed for apparent retention of P and Ca, where phytase reduced P and Ca retention in the control diet. A main effect (P < 0.01) of mineral matrix was observed for AID of Ca, with birds fed matrix 1 having the lowest AID of Ca compared with control and matrix 2 treatments. Phytase influenced (P < 0.05) IP concentrations differently across matrices. Overall, phytase and the mineral matrix, either as main effects or in an interactive manner, influenced growth performance, apparent nutrient digestibility and retention, bone and IP concentration responses in broiler chicks.
INTRODUCTION
Poultry diets are primarily composed of plant-based ingredients and more than half of the total P in plants is found as part of phytate, which is poorly utilized by poultry (Nelson et al., 1971; Waldroup et al., 2000) . Therefore, inorganic P is typically added to meet physiological P requirements of the bird. Phosphorus is an essential mineral for poultry because it is an important component in metabolic and structural processes, and as such, is an essential mineral to attain maximal potential in growth performance. However, endogenous plant phytate binds to minerals and other nutrients to severely decrease nutrient availability and negatively affect digestive and absorptive processes. To alleviate this problem, phytase, an exogenous enzyme, is commonly used as a feed additive to release phytate-bound P. Dietary supplementation with exogenous phytase is an effective method of improving P digestibility (Wu et al., 2003; Selle and Ravindran, 2007; Adeola and Cowieson, 2011) .
Phytate is the main storage form of both P and inositol, and phytate can directly bind macronutrients, like proteins and lipids, within the intestinal lumen, which may reduce nutrient solubility and intestinal absorption . The inclusion of phytase in poultry diets allows for the dephosphorylation of nutrient binding phytate, myo-inositol hexaphosphate (IP6), which thereby increases absorption of previously bound nutrients. The addition of phytase has recently shifted from P release and the reduced anti-nutritive effects of phytate to now focusing on the role of inositol in broilers in response to applying high concentrations of phytase. Implementing high doses of phytase may allow for the degradation of IP6, as well as lower esters, such as inositol triphosphate (IP 3 ) and inositol diphosphate (IP 2 ). The IP1 ester serves as a substrate for endogenous alkaline phosphatases and broilers are able to remove the last P from IP1 to produce 211 the nutrient inositol . Achieving maximum degradation of phytate is essential for the extra-phosphoric effect of phytase. Importantly, complete degradation of phytic acid to produce inositol has been shown to improve growth performance in broilers (Zyla et al., 2004) . The benefits of supplementing a high dose of phytase has been shown in broilers through inositol provision and phytate destruction (Walk et al., 2014) , which allows for the improvement of Ca and P digestibility as well as an overall improvement in growth performance Walk et al., 2014) . However, there are still questions surrounding the level of nutrients, specifically Ca and P, to remove from the diet when applying high levels of phytase in an effort to improve broiler performance, particularly FCR beyond that of the control diet. This method of phytase use has previously been described as superdosing Walk et al., 2013 , Walk et al., 2014 . Therefore, a study was conducted to vary the Ca and non-phytate phosphorus (NPP) concentrations in plant-based diets and examine the effects on bird performance, bone mineralization, tissue P concentrations, and nutrient digestibility and retention.
MATERIALS AND METHODS
All animal care procedures used in this experiment were approved by the University of Illinois UrbanaChampaign Institutional Animal Care and Use Committee before initiation of the experiment.
Animals and Management Practices
An experiment was conducted using 240 male Ross 308 commercial broiler chicks and included 6 dietary treatments with 5 chicks per cage and 8 replicate cages per treatment. This sample size was selected based on power analyses predicated on the expected variation in primary outcomes measured herein. Birds were housed at the University of Illinois Poultry Farm in thermostatically controlled brooder battery cages with raised-wire floors located in an environmentally-controlled room with continuous lighting. Temperature in battery cages was maintained at 29 to 31
• C for the first week of the study, and the temperature was decreased as the birds aged, reaching a final temperature of 27 to 28
• C. Access to feed and water were provided ad libitum throughout the 21-d feeding period. Feed was fed in mash form via a feed trough and water was provided via a water trough located at the end of each cage.
Experimental Diets
Broiler chicks were fed 1 of 6 dietary treatments that consisted of 3 concentrations each of dietary Ca and NPP and 2 concentrations of phytase in a 3 × 2 factorial arrangement (Table 1 ). The mineral matrices consisted of control (1.0% Ca, 0.5% NPP), matrix 1 (0.84% Ca, 0.35% NPP), and matrix 2 (0.77% Ca, 0.29% NPP), and each matrix was further supplemented with microbial phytase (Quantum Blue, AB Vista, Marlborough, Wiltshire, UK) at either 0 or 1,500 FTU/kg of diet. These corn-soybean meal based diets contained NPP and Ca ratios that were achieved by varying the inclusion of limestone and dicalcium phosphate to produce reduced mineral matrices. Matrix 1 had reductions of 0.15% NPP and 0.16% Ca and matrix 2 had reductions of 0.21% NPP and 0.23% Ca reduction relative to the control. All diets were formulated to contain 3,060 kcal/kg nitrogen-corrected apparent metabolizable energy and were identical in amino acid composition. All other nutrients met or exceeded recommendations for broilers (NRC, 1994) . Titanium dioxide was included in all diets at 0.4% inclusion as an indigestible marker to permit calculation of nutrient digestibility and retention. Experimental diets were fed in mash form and chicks received these diets from 2 to 23 d of age.
Measurements
Chicks were weighed, wing-banded, and randomly allotted such that average initial group weights and weight distributions were similar across dietary treatments on d 2 post-hatch; birds were monitored daily for morbidity and mortality throughout the study. All culled birds were weighed individually and feed intake (FI) and feed efficiency (gain:feed, G:F) outcomes were adjusted for mortality according to the number of bird days. At the end of the 21 d feeding period, all birds and feeders were weighed to determine BW gain, FI, and G:F to assess growth performance. Overall, mortality was low and was not associated with a particular dietary treatment.
Collection and Analyses
At the end of the 21 d feeding period, birds were euthanized by CO 2 inhalation to permit collection of tissue samples. The entire liver and spleen were collected from each bird, as well as a section of the pectoral muscle from the right breast of each bird. For determination of digestibility, ileal digesta were collected by gently flushing the terminal ileum (4 to 30 cm proximal to the ileo-cecal junction) using deionized water. For determination of retention, excreta was collected from trays beneath each cage. All ileal digesta and excreta samples were pooled within cage and frozen (−20
• C) for later analysis. Frozen ileal digesta and excreta samples were lyophilized and ground using an electric coffee grinder prior to analysis.
The right tibia was collected from every bird and pooled within cage at the end of the 21 d feeding period to quantify bone mineral content. Tibias were autoclaved for 45 minutes at 121
• C under 124 kPa (kilopascal) before being cleaned of all adhering material. The endcaps were removed from each tibia and each tibia was cut in half using wire cutters to ensure no part of the tibia was lost during the cutting process. Fat was extracted from the tibias using a cold extraction procedure with pure ethyl ether. Fat-extracted tibias were then dried for 24 h at 105
• C and subsequently ashed at 600
• C for 24 h. Fat was extracted from the tibias following AOAC (method 932.16, 1990) with differences in ether used.
All diet, muscle, liver, spleen, tibia, and ileal digesta and excreta samples were dried at 105
• C for 24 h and subsequently ashed at 500
• C for 24 h. The ashed samples were then dissolved in 20% hydrochloric acid (method 968.08, AOAC, 2002) before quantifying total P content using a colorimetric procedure based on the molybdo-vanadate method (method 965.17, AOAC, 1975) . Calcium concentrations were also quantified in diet, ileal digesta, and excreta samples using flame absorption spectrophotometry.
Quantification of inositol phosphates in ileal and excreta samples were determined using a modification of the method from Kwanyuen and Burton (2005) using high-performance liquid chromatography (HPLC). Freeze dried samples were extracted with 10 mL of 0.5 M HCl for 1 h at 20
• C by ultrasonication. The extracts were then centrifuged for 10 minutes at 2200 × g, and 5 mL of the supernatant was evaporated to dryness in a vacuum centrifuge. The samples were then re-dissolved in 1 mL of distilled, deionized water by ultrasonication for 1 h at 20
• C and centrifuged for 15 minutes at 18,000 × g. The resulting supernatant was filtered through a 13 mm syringe filter with a 0.45 μm membrane (GH Polypro Acrodisc, Pall Corporation, Ann Arbor, MI) and placed in a 30 kDa centrifugal filter (Microcon Ultracel YM-30, Millipore Corporation, Bedford, MA) and finally centrifuged for 30 minutes at 9,000 × g. The samples were then analyzed for inositol phosphate (IP) moieties (IP 2 to IP 6 ) using a standard HPLC analytical column (4 × 250 mm CarboPac PA1 column, Thermo Scientific, Sunnyvale, CA). Phytic acid dodecasodium salt hydrate (Sigma-Aldrich, St. Louis, MO) was used as the standard for both IP6 and the lower IP to calculate the ratio between peak area and P amount of IP in the isolated fractions.
Titanium dioxide concentrations of diet, ileal digesta, and excreta samples were determined following the procedures of Short et al. (1996) . Duplicate samples were weighed into crucibles, dried at 105
• C for 24 h, and subsequently ashed at 550
• C for 24 h. The ashed samples were then dissolved in 7.4 M sulfuric acid. Hydrogen peroxide (30% vol./vol.) was subsequently added to produce a yellow color with an intensity proportional to the titanium dioxide concentration in each sample. Duplicate aliquots of these sample solutions were analyzed using a UV spectrophotometer by measuring the absorbance at 410 nm.
The following equation was used to calculate apparent nutrient digestibility of ileal samples and apparent nutrient retention on a g/kg dry matter basis:
Apparent nutrient digestibility and retention
where M i = concentration of TiO 2 (marker) of the diet sample, M o = concentration of TiO 2 (marker) of the ileal or excreta sample, X o = nutrient concentration of the ileal or excreta sample, X i = nutrient concentration of the diet sample.
Statistical Analyses
An individual cage of birds served as the experimental unit for all outcomes with 8 replicate cages for each of 6 dietary treatments arranged in a complete randomized design. Data were corrected for mortality and presented as least square means per treatment group. All data were analyzed by a 2-way ANOVA, with the model including mineral matrix, phytase addition, and their interaction using the MIXED procedure of SAS 9.4 (SAS Institute, Cary, NC). Treatment means were separated using a Tukey's multiple comparison test for outcomes when a significant interactive effect was observed. Statistical significance was considered when P < 0.05.
RESULTS

Growth Performance
Broiler growth performance data during the starter period of d 2 to 23 post-hatch are presented in Table 2 . While no interactive effects were noted for any growth performance outcome, BW gain exhibited main effects (P < 0.05) of both Ca-to-NPP ratio and phytase addition. As such, addition of phytase improved BW gain regardless of mineral matrix, while increasing the Ca-to-NPP ratio from 2.00:1 to 2.65:1 via reductions in dietary mineral concentrations caused an overall reduction in BW gain and reductions were minimal with the addition of phytase. A main effect of mineral matrix was also observed for FI (P < 0.01), whereby a quadratic response was detected, where birds fed matrix 1 exhibited increased FI, while birds fed matrix 2 concomitantly exhibited a decrease in FI, relative to the control. No significant effects of either mineral matrix or phytase addition were observed for G:F.
Tibia Ash and Phosphorus Content
A phytase dose by matrix interaction (quadratic, P < 0.01) was observed in tibia ash (Figure 1) , where without the addition of phytase, tibia ash values were lower for matrix 1 and 2 when compared with the control dietary treatment. However, when supplemented with a high dose of phytase, reductions were minimal for matrix 1 and 2 (P < 0.01). Specifically looking at the P concentration of dried, defatted tibias (Table 3) , P content was solely influenced by matrix (P < 0.05), where reductions in dietary mineral concentrations caused a linear reduction in P concentration (P < 0.05). Therefore, birds fed the control dietary treatment exhibited the greatest tibia P concentration. Total P concentrations of muscle and liver were not influenced by phytase dose, matrix, or their interaction (P > 0.05). However, the addition of phytase increased (P < 0.05) P concentrations in the spleen from 11.6 to 12.1 g/kg, regardless of the mineral matrix applied.
Calcium and Phosphorus Digestibility and Retention
Interactive effects were observed for apparent ileal digestibility (AID) and apparent retention (Table 4) . Birds fed the control diet had a reduction (P < 0.05) in AID and retention of dry matter with the addition of phytase, but there were no other effects of phytase or matrix on the AID of dry matter. An interactive effect was observed for matrix 1, whereby AID of P increased with the addition of phytase (P < 0.01) when compared with birds fed matrix 1 and no phytase supplementation. No interactive effects were noted for AID of Ca, however a main effect of mineral matrix was observed. Birds fed matrix 1 had the lowest (P < 0.01) AID of Ca compared with birds fed the control or matrix 2 dietary treatments, regardless of phytase addition. A phytase dose by matrix interaction was observed for apparent retention of P and Ca, whereby birds fed the control dietary treatment had reductions (P < 0.01) in apparent retention of P and Ca when supplemented with phytase when compared with birds fed the control dietary treatment and no phytase supplementation.
Inositol Phosphate Profiles
Interactive effects were observed for inositol phosphates in both ileal and excreta content (Table 5) , where inositol hexaphosphate (IP 6 ) concentrations were reduced (P < 0.01) when birds were supplemented with phytase, but effects differed by mineral matrix. A main effect of phytase and mineral matrix were observed for inositol heptaphosphate (IP 5 ), where the addition of phytase or the reduction of Ca and P in the diets reduced (P < 0.01) IP 5 concentrations in the ileum or excreta. An interactive effect (P < 0.01) was observed where only birds fed the control dietary treatment exhibited ileal inositol tetraphosphate (IP 4 ) and inositol triphosphate (IP 3 ) concentrations that increased with the addition of phytase. Similarly, interactive effects (P < 0.01) were observed in excreta samples where birds fed the control and matrix 1 dietary treatments had increased IP 4 and IP 3 concentrations when supplemented with phytase, but the same did not occur for birds fed the matrix 2 dietary treatments. The addition of phytase increased (P < 0.05) ileal inositol diphosphate (IP 2 ) concentrations, regardless of dietary treatment. Additionally, phytase supplementation or reducing Ca and P increased (P < 0.05) the amount of inositol present in ileal digesta regardless, however IP 2 and inositol were not influenced (P > 0.05) by dose, matrix, or their interaction in excreta samples.
Discussion
Microbial phytase has been supplemented in poultry diets for many years and the beneficial effects of phytase depends on both concentrations of NPP and Ca in the diet (Wu et al., 2003; Selle and Ravindran, 2007; Adeola and Cowieson, 2011) . Our study evaluated responses to microbial phytase and varying mineral matrices on growth performance, bone mineralization, tissue P content, and apparent nutrient digestibility and retention in broilers fed diets differing in their mineral matrix and phytase addition. As expected, growth performance responses in the control dietary treatment exceeded those of either reduced mineral matrix dietary treatments in the absence of added phytase, and this was expected as the Ca and NPP concentrations of the reduced mineral matrix dietary treatments were included below NRC (1994) recommendations. However, phytase supplementation increased BW gain of birds, regardless of dietary mineral concentration, due to the ability of this exogenous phosphatase to liberate P and other nutrients as part of the phytate complex. Feed intake was influenced by the matrix applied to the diet, where matrix 2 generally caused a decrease in FI, indicating birds fed matrix 2 were deficient in P. This coincides with finding of Scott et al. (1982) who reported a deficiency of P in poultry is characterized by a decrease in feed consumption and a failure in growth. Gain-to-feed of broilers was not influenced by the addition of phytase, which agrees with previous literature (Schoner et al., 1991; Vogt, 1992; Denbow et al., 1995; Onyango et al. 2005; Bahadoran et al. 2011) . In contrast, Dos reported improved G:F with the addition of phytase. The contradicting G:F response may be due to multiple different responses such as bird genetics, housing and environmental conditions, phytase sources, ingredients, and or processing.
As a response to dietary supplementation, microbial phytase increased tibia ash content of broilers in agreement with results of previous studies (Sebastian et al., 1996; Dilger et al., 2004; Olukosi et al., 2013) . The improvement in tibia ash percentage indicates bone mineralization was likely increased due to availability of minerals liberated from the phytate mineral complex when supplemental phytase was added to the diets. Benefits of supplementing microbial phytase to poultry diets that contain low P due to the increased utilization of P from phytate have been reported (Sebastian et al., 1996) . Therefore, the addition of phytase can reduce supplementation of inorganic P and still allow birds to maintain normal bone development and growth (Sebastian et al., 1996; Viveros et al., 2002; Wu et al., 2003) .
Regarding P status of broilers, dietary P requirements differ depending on the outcome evaluated. Phosphorus is quantifiably more important in bone mineralization than for soft tissue growth, because P is a major component of the bird's skeleton. Broilers may become more vulnerable to mineral imbalances as Ca and NPP concentrations are reduced, because bone mineralization requirements are met before growth requirements when P nutrition is the focus. Therefore, tibia ash content is a more sensitive response measurement than growth response (Zyla et al., 2004) . Collectively, broiler growth performance and tibia bone ash data confirm that addition of phytase was effective in increasing utilization of phytate P when dietary Ca and NPP concentrations were reduced.
The addition of phytase in the reduced mineral matrix dietary treatments increased AID and apparent retention of P, which coincides with data from previous experiments (Shirley and Edwards, 2003; Selle and Ravindran, 2007; Adeola and Cowieson, 2011) . Selle and Ravindran (2007) suggested when phytate is degraded by phytase, it allows more P to be released in the small intestine, indicative of an improvement in the release of phytate-phosphorus. Silversides et al. (2004) also reported increased P digestibility, with the addition of phytase, when NPP was decreased from 0.40% to 0.23% in broiler diets. Supplementing phytase to low NPP diets increased P digestibility which reduced P content in excreta. Therefore, supplementing phytase and feeding lower Ca and NPP concentrations may confer benefits to reducing excretion of excess P into the environment (Simons et al., 1990; Perney et al., 1993; Waldroup et al., 2000 Dilger et al., 2004 . The use of supplemental phytase in conjunction with reduced dietary NPP concentrations are well known as an effective method of improving P utilization and decreasing P excretion.
Similarly, the addition of phytase increased apparent retention of Ca in reduced mineral matrix diets. Supplementation of phytase at lower Ca concentrations suggest fewer Ca-phytate complexes were formed and therefore more phytate molecules were exposed to phytase hydrolysis (Selle et al., 2000; Selle Cowieson and Ravindran, 2009 ). Silversides et al. (2004) also reported increases in Ca digestibility when phytase was added to diets that contained reduced NPP and Ca concentrations. This may explain why a lower Ca-to-NPP ratio is recommended in poultry diets that are supplemented with phytase compared with diets that contain no phytase supplementation (Lei et al., 1994) . On the contrary, birds fed the control dietary treatment exhibited decreases in both Ca and P digestibility and retention when supplemented with phytase. This is an indication that excess concentrations of NPP and Ca in the diet can actually have a negative impact on the digestion of nutrients. This could be due to a greater amount of P and Ca in the intestine than can be utilized by the bird, which leads to a reduction in Ca and P digestibility and increased mineral excretion. Liao et al. (2007) reported that as the dietary content of Ca increased there was a smaller increase in the apparent retention of Ca in response to phytase supplementation, which could be due to high Ca concentrations in the diet that can lead to the formation of insoluble Ca-phytate complexes within the digestive tract. Managi and Coon (2008) reported 5,000 FTU/kg of phytase are necessary to make almost all of the phytate phosphorus in corn-soybean meal diets available for utilization by young broiler chicks.
As a novel aspect of this experiment, analysis of the inositol phosphate profiles in ileal digesta and excreta samples suggested the greatest proportion of IP 6 concentrations, and the addition of phytase clearly hydrolyzed this form into more IP 5 than other lower esters. This suggests phytase targets the higher molecular weight esters, which coincides with data from previous studies (Wyss et al., 1999; Cowieson et al., 2011 ). As discussed above, supplementing phytase decreased the amount of P in excreta, presumably due to the hydrolysis of IP 6 , which is further supported by the data obtained from our experiment. It has been reported that the effects of supplementing phytase on IP 4 and IP 3 are primarily seen in the crop and gizzard, which is expected due to an optimal pH for phytase activity (Schlemmer et al., 2001; Elkhalil et al., 2011) . In our study, IP 4 and IP 3 increased in birds fed the control diet with the addition of phytase. This could be due to the pancreatic duct secreting zinc into the small intestine, which causes an increase in digesta pH and may reduce the activity of phytase (Pontoppidan et al., 2012) or more likely the influence of dietary P on the hydrolysis of phytate by exogenous phytase as previously reported by Zeller et al. (2015) . Additionally, Carre (2004) reported an increase in IP 4 and IP 3 due to the addition of phytase may have resulted from an unequal transit rate, where smaller feed particles traveled through the gizzard faster than what could be retained for digestion. However, Walk et al. (2014) reported no effect of phytase on gizzard IP 4 or IP 3 concentrations in broilers and the differences reported between the experiments may be associated with the dose of phytase employed as well as the level of Ca and P supplied in the diets. The addition of phytase increased inositol concentrations in the ileal digesta, which coincides with data from previous experiments (Cowieson et al., 2014; Vieira et al., 2015) . Increased inositol concentrations suggest 1,500 FTU of phytase per kg of diet was able to degrade dietary phytate to produce lower IP esters and pure inositol, which may have beneficial effects in broiler production.
In conclusion, birds fed dietary treatments that had reductions in the amount of dietary NPP and Ca exhibited a decrease in performance. However, there was a main effect of phytase, which resulted in an increase in BW gain. Without phytase supplementation both matrices exhibited a lower tibia ash value when compared with the control, however tibia values had less of a reduction when supplemented with a high dose of phytase, which led to a phytase by matrix interaction. As expected, tibia ash content was more sensitive in response to the amount of NPP and Ca in the diet. Supplementing a high dose of microbial phytase resulted in increased concentrations of P in the spleen, while tibia P, apparent digestibility, and retention responses depended on the mineral matrix that was applied to the diet. Supplementing phytase increased IP 6 degradation and increased the ileal inositol concentration of the bird.
